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Magnetic structure of tetragonal UAu2Si2 was investigated by single-crystal neutron diffraction
experiments. Below TN= 20 K it orders antiferromagnetically with a propagation vector of k =
(2/3, 0, 0) and magnetic moments of uranium ions pointing along the tetragonal c-axis. Weak signs
of the presence of a ferromagnetic component of magnetic moment were traced out. Taking into
account a group theory calculation and experimental results of magnetization and 29Si-NMR, the
magnetic structure is determined to be a squared-up antiferromagnetic structure, with a stacking
sequence (++−) of the ferromagnetic ac-plane sheets along the a-axis. This result highlights similar
magnetic correlations in UAu2Si2 and isostructural URu2Si2.
I. INTRODUCTION
UT2Si2 (T : transition metal) compounds have pro-
vided fruitful opportunities for systematic study of 5f-
electron properties in strongly-correlated electronic sys-
tems, which have been attracting much interest with
a variety of phenomena such as heavy-fermion states,
superconductivity, magnetic ordering, and hidden or-
der. Up to date, thirteen stable UT2Si2 compounds
with different T elements have been confirmed to exist,
and their 5f-electronic ground states have been identified
through a spectrum of experiments, except for two sys-
tems: URu2Si2 and UAu2Si2. The former is well known
to exhibit the hidden order transition at 17.5 K1–4, be-
ing studied intensively for several decades. In contrast,
the latter has only five reports which were made between
the 80s and 90s. Although a ferromagnetic ground state
below about 20 K was suggested in those reports5–9, a
major part of the detailed magnetic properties were un-
known since all the studies were done on polycrystalline
samples.
Nearly 20 years after the last report9, we succeeded in
growing single-crystalline samples of UAu2Si2. It crystal-
lizes in the ThCr2Si2 type of tetragonal structure (space
group: I4/mmm, D174h), like most UT2Si2 compounds.
Our detailed magnetization measurements revealed pe-
culiar behaviors of this compound10. In a temperature
range from room temperature to ∼ 50 K, the magnetic
susceptibility shows the Curie-Weiss behavior for both
field directions along the a-axis and the c-axis, yield-
ing an almost isotropic effective moment. Below ∼ 50
K, the susceptibility becomes highly anisotropic by an
emergence of a weak ferromagnetism along the c-axis.
The magnetic anisotropy gets more remarkable below the
transition temperature of ∼ 20 K by emergence of an-
other ferromagnetic (FM) component along the c-axis,
while the basal-plane susceptibility is suppressed. Inter-
estingly, an antiferromagnetic (AFM) component, which
is masked by the FM component, becomes conspicuous
by applying a magnetic field. It means that the ground
state of UAu2Si2 is not simply FM but intrinsically AFM.
Recent 29Si-NMR experiments also provided an evidence
of the AFM order11.
In the present paper, we focus on the magnetic struc-
ture taking place below TN∼ 20 K in UAu2Si2. We
report results of neutron diffraction experiments on a
single crystalline sample. Observed magnetic reflec-
tions, together with the bulk magnetization and the 29Si-
NMR10,11, indicate that the magnetic structure is spin-
uncompensated AFM with k = (2/3, 0, 0) and magnetic
moments arranged along the c-axis, which points out an
intriguing similarity to the isostructural URu2Si2
12,13.
II. EXPERIMENTAL PROCEDURE
UAu2Si2 single crystal was prepared by the floating
zone melting method in a four-mirror optical furnace
(Crystal Systems Co.) from a polycrystalline precursor.
The grown crystal was characterized by the Laue X-ray
diffraction, energy dispersive X-ray spectrometry (EDX),
and measurements of magnetization and electrical resis-
tivity. For the neutron diffraction experiments, a rectan-
gular piece with dimensions of ∼ 1 mm × 1 mm × 2 mm
was cut out of the grown rod-shaped crystal. The sam-
ple was attached to an Al holder with GE varnish. First,
we performed a Laue neutron diffraction experiment us-
ing CYCLOPS diffractometer at Institut Laue-Langevin
(ILL), Grenoble. A double octagonal array of neutron
CCD detectors covers a cylindrical area of space14. The
scans were taken at temperatures from 2 K up to 70 K,
mapping both magnetically ordered and paramagnetic
state. Subsequently, the single crystal was investigated
using the four-circle diffractometer D10 (ILL) employ-
ing an area detector. The sample a-axis was parallel to
the omega-axis of the diffractometer. The sample was
cooled down to 2 K by a 4He gas-flow refrigerator. The
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half-lambda component was removed by a graphite fil-
ter; its intensity was reduced to 10−4 of the main com-
ponent. At 30 K (above TN), about 100 independent
nuclear reflections were measured for a refinement of the
crystal structure using incident neutron wavelength of
λ = 1.26 A˚. The measurements of magnetic reflections
(∼ 250 independent magnetic reflections) were performed
using incident neutron wavelength of λ = 2.36 A˚ at 2 K.
Nuclear reflections were also measured at 2 K, in order
to detect k = 0 components of the magnetic moments.
The least-square refinements of data to model crystal and
magnetic structures were carried out using the FullProf
package15,16. The detailed D10 data can be found in
Ref.17.
III. RESULTS
A comparison of Laue neutron diffraction patterns
(CYCLOPS) taken in the paramagnetic state and the
ordered state, i.e. at 70 K and 2 K, revealed a number of
magnetic reflections outside of the Bragg positions of nu-
clear structure. Thus the AFM order below TN suggested
by 29Si-NMR11 was unambiguously confirmed. The ob-
served reflections are well described by the propagation
vector of k = (0.67, 0, 0), which is close to (2/3, 0, 0),
and the vector star. The Laue images acquired at 2 K
(below TN) and 70 K (above TN) are shown in Fig. 1.
No higher-order satellite was detected.
(110) (001)
70 K
2 K
(110) (001)
FIG. 1. Neutron Laue diffraction patterns of UAu2Si2, ac-
quired at temperatures of 2 K (below TN) and 70 K (above
TN). The magnetic reflections are marked by arrows.
Figure 2 shows peak profiles of a superlattice reflec-
tion at q = (2, 0.67, 0) measured on D10. The intensity
of the magnetic peak decreases with increasing temper-
ature, and vanishes when the temperature reaches TN.
The temperature dependence of its integrated intensity
is shown in Fig. 3, together with that of a fundamental
nuclear reflection peak at q = (2, 0, 0). The intensity of
the (2, 0.67, 0) reflection increases below TN, and almost
saturates below 10 K. Simultaneously it is notable that
the intensity of the (2, 0, 0) reflection also increases be-
low TN, appearing to be due to the FM component, and
saturates below 10 K. However, the increase in intensity
is nearly 100 times larger than that accounted for by a
magnetic origin assuming a magnetic moment of ∼1 µB
per U ion. Then the first scenario to be considered is
a structural transition simultaneously occurring at TN,
but this is unlikely or it is very subtle even if it does oc-
cur; we have never observed any signs of peak broaden-
ings or changes of peak profiles in either the present neu-
tron scattering experiments or our previous powder X-ray
diffraction experiments10. Our recent measurement of
thermal expansion revealed the temperature variations of
the lattice parameters below TN
18. However, these vari-
ations are of the order of 10−4, i.e. they are too small to
be detected by those diffraction experiments. The other
scenario may be a change of the extinction effect by a
magnetic domain formation. In general, the extinction
effect weakens peak intensity, but this effect can be re-
strained in a crystal which forms magnetic domains. We
found that an increase of the peak intensities is remark-
able for the stronger peaks in the present experiment,
which is consistent with a general fact that the extinc-
tion effect is more significant for stronger reflections.
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FIG. 2. (Color online) Temperature dependence of peak pro-
files of the reflection at q = (2, 0.67, 0).
The ThCr2Si2 type crystal structure of UAu2Si2 was
refined by analyzing integrated intensity data collected
at 30 K. The refined structural parameters were the
z−coordinate of the Si atoms and the atomic thermal
displacement parameters. The z-coordinate of Si was re-
TABLE I. Structural parameters of UAu2Si2 deduced from the D10 data measured at 30 K. Values of Ueq are from the X-ray
diffraction data of isostructural compound URu2Si2
19 used for the final fit as described in text.
Lattice parameter (A˚) Site Wyckoff position symmetry position Ueq × 103 (A˚)19
x y z
a = 4.20(5) U 2a 4/mmm 0 0 0 1.42(4)
c = 10.26(5) Au 4d 4m2 1/2 0 1/4 1.70(4)
Si 4e 4mm 0 0 0.389(1) 2.5(2)
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FIG. 3. (Color online) Temperature dependence of the inte-
grated intensity of the peaks at (2, 0.67, 0) (closed circles)
and (2, 0, 0) (open circles).
fined to be 0.389(1) well in an agreement with our pre-
vious study10. On the other hand, the atomic thermal
displacement parameters were unable to be refined to
appropriate values, because of the limited number of ob-
served reflections particularly in the high angle region in
the present neutron diffraction experiments. The final re-
finement of our results was done using fixed values for the
thermal displacement parameters as determined for the
isostructural compound URu2Si2 in our previous high-
energy synchrotron X-ray diffraction experiments at 20
K19. The used parameters improved the agreement be-
tween the data and model only slightly. The obtained
structural parameters are listed in Table I. Three extinc-
tion parameters were applied in FullProf codes for cor-
rection of the extinction effect which causes significant
deviation of the calculated structure factors of several
strong reflections from observed ones.
Based on the refined crystal structure, the magnetic
structure was refined using data collected at 2 K. Firstly
we present the results of refinement computing diffrac-
tion intensities with integer hkl Miller indices, i.e. the
intensities originating from both the nuclear structure
and magnetic structure with k = 0. In UAu2Si2, a FM
component of µFM ∼ 0.3 µB/U along the c-axis was con-
firmed by our previous magnetization measurements10.
Hence all of those diffraction intensities contain magnetic
contribution, which means that there is no pure nuclear
reflection at least below TN. However, the FM component
cannot be determined in the present neutron experiment
for its much smaller contributions to the neutron diffrac-
tion intensities than that of the nuclear origin (less than
10−3 of the strongest reflection intensity); it is nearly
negligible within the accuracy of the present experiment.
Nevertheless, we observed that the agreement between
data and fit decreased when taking a fixed value of µFM
exceeding 0.5 µB into the model. Thus the present neu-
tron diffraction experiment suggests µFM lower than 0.5
µB , which is consistent with 0.3 µB expected from the
magnetization measurement10. The typical best-fit relia-
bility factors when assuming 0 µB/U < µFM < 0.5 µB/U
are: RF2 = 4.5%, RF2w = 4.5%, RF = 2.9%.
Secondly, we performed the refinements of the AFM
component by computing magnetic reflection intensities
whose indices are non-integer; in the present case, they
are reflections with q = Q ± k1 or q = Q ± k2, where
Q is the reciprocal lattice vector and k1 and k2 are the
propagation vectors of the magnetic structure, expressed
as k1 = (0.67, 0, 0) and k2 = (0, 0.67, 0). Before the re-
finements, we found a highly unequal distribution of the
k1-domain and the k2-domain. The estimated ratio of
the volume of the k1-domain and k2-domain is approxi-
mately 1 : 1.8. This inequality eliminates the possibility
of a double-k structure with a single magnetic domain.
The reason for the inequality is not clear at this point,
but we conjecture that it might be related to a crystal-
lographic disorder of this compound. In order to clarify
this, careful investigation of sample dependence and the
crystal structure is necessary in future.
Before describing the magnetic structure model for the
refinement, we summarize the results obtained from the
present neutron diffraction experiment: (i) The propa-
gation vector is k = (2/3, 0, 0) meaning that the mag-
netic unit cell is tripled along the a axis compared to the
primitive crystal lattice. (ii) The absence of higher-q re-
flections suggests the sinusoidal modulation of magnetic
moments. The observed integrated intensities are best
refined with a sinusoidal modulation magnetic arrange-
ment with moments aligned along the c-axis. In this
magnetic structure, the magnetic moment of the i-th U-
ion µord(ri) is expressed as µord(ri) = Msin(2pik ·ri+φ),
where M is the modulation amplitude, ri is the position
of the i-th U-ion, and φ is the associated magnetic phase.
M was refined to be M = 1.2±0.05 µB/U. The magnetic
structure refinements were performed for each k1 and k2
domain, with fixed scale factors determined in accordance
with the volume ratio of 1 : 1.8. Figure 4 displays the
Fo-Fc plot, showing squared calculated structure factors
versus those observed. The linear dependence indicates
a good agreement between the measurements and the
model calculation.
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FIG. 4. The Fo-Fc plots of magnetic reflections observed at 2
K for each magnetic domain of UAu2Si2. The solid lines are
guides to eye, representing proportional relations of y = x.
In contrast to the amplitude M , the phase φ cannot
be determined from experimental data alone, because
diffraction data essentially lack the list of information of
the phase. Hence we narrowed down candidate magnetic
structures from a viewpoint of the group theory, consider-
ing a continuous second-order transition. A group theory
analysis taking paramagnetic I4/mmm space group with
uranium atoms at the 2a site (see Table I) and a (2/3,
0, 0) propagation vector leads to six maximum magnetic
subgroups, which allow non-zero magnetic moments. The
magnetic unit cell of these structures is tripled along the
a direction compared with the crystallographic unit cell,
and contains two nonequivalent U sites, which we refer
to U1 and U2 here, as listed in Table II. The corners
and the body center position of the magnetic unit cell
belong to U1 site, and the rest of uranium positions are
of the U2 site (see Fig. 5). Table III lists the mag-
netic space groups with candidate magnetic structures
as calculated using MaxMagn program20. The best-fit
solutions were obtained on the two sine-wave modulated
structures which allow only the z-component of magnetic
moments, the structures of (II) Im′m′m and (V) Im′mm
in Table III, as illustrated in Fig. 6. The magnetic phase
φ has fixed values in these models, which are −pi/2 and
−pi for the structures II and V, respectively. Only φ dif-
fers by pi/2 between these structures, which means that
it is impossible to distinguish between them by neutron
diffraction; the fitting analyses yield essentially the same
results.
As described above, the FM component cannot be de-
termined specifically in the present neutron diffraction
TABLE II. List of magnetic sites in the magnetic unit cell
shown in Fig. 5. The Wyckoff positions are defined in the
magnetic unit cell which is composed of crystallographic unit
cells tripled along the a-axis.
Site New Wyckoff position Multiplicity
U1 (0, 0, 0), (1/2, 1/2, 1/2) 2
U2 (1/6, 1/2, 1/2), (1/3, 0, 0),
(2/3, 0, 0), (5/6, 1/2, 1/2)
4
U1
U2
a
a
c
FIG. 5. Schematic illustration of the magnetic unit cell of the
maximal magnetic subgroups for paramagnetic space group of
I4/mmm and a propagation vector of k = (2/3, 0, 0). Black
balls and white balls specifies inequivalent magnetic sites, U1
and U2, respectively.
study, suggesting 0 µB/U < µFM < 0.5 µB/U. Nev-
ertheless, the bulk magnetization indicates µFM ∼ 0.3
µB/U. Here we can choose a solution consistent with both
the magnetization and the neutron diffraction results, by
combining the µFM of 0.3 µB to the AFM component as
follows. On the structure II,
µU1 ' | − 1.2 + 0.3| = 0.9 (µB/U)
µU2 ' |0.6 + 0.3| = 0.9 (µB/U).
On the structure V,
µU1 ' |0 + 0.3| = 0.3 (µB/U)
µU2 ' | ± 1.0 + 0.3| = 1.3, 0.7 (µB/U),
where µU1 and µU2 are ordered moments on the U1 site
and the U2 site, respectively. Figure 7 shows schematic
views of these spin configurations. The structure II be-
comes a simple squared-up (++−) structure, while in the
structure V the modulation of magnetic moments pro-
duces three different magnitudes of magnetic moments.
Although we cannot determine which structure is more
probable by only neutron diffraction, we can rule out
structure V by considering the previous results of 29Si-
NMR experiments. It is easily deduced by counting
the number of magnetically-equivalent Si sites, that the
NMR spectrum expected on structure V contains three
distinct peaks with the intensity ratio of 1 : 1 : 1 below
TABLE III. List of maximal magnetic subgroups for the para-
magnetic space group I4/mmm and the propagation vector
k = (2/3, 0, 0). The xyz-coordinates corresponds to the crys-
tallographic abc axes.
Label Magnetic
subgroup
Magnetic moment
U1 U2
I Im′m′m′ (0, 0, 0) (M2x, 0, 0)
II Im′m′m (0, 0, M1z) (0, 0, M2z)
III Im′m′m (0, M1y, 0) (0, M2y, 0)
IV Im′m′m (M1x, 0, 0) (M2x, 0, 0)
V Im′mm (0, 0, 0) (0, 0, M2z)
VI Im′mm (0, 0, 0) (0, M2y, 0)
a
c
[100]
[100]
(II) Im’m’m
(V) Im’mm
FIG. 6. Schematic illustration of the two patterns of spin con-
figurations of AFM components which explains the neutron
diffraction data measured on UAu2Si2.
TN, in a magnetic field applied parallel to the c-axis. It
does not agree with the observed spectrum, which con-
tains only two peaks with the intensity ratio of 1 : 211. In
contrast, the structure II well explains the observed spec-
trum. The NMR experiments suggest a larger magnetic
moment of 1.4(1) µB/U, compared with 0.9(1) µB/U
from the neutron experiments. This may be due to the
magnetic field of 4 T applied in the NMR experiments,
whereas the neutron experiment was performed in zero
magnetic field.
IV. DISCUSSION
A magnetic structure with a propagation vector along
the a-axis, the case of UAu2Si2 has not been found
in other UT2Si2 compounds in zero magnetic field. In
high magnetic field, similar magnetic structures have
been observed in URu2Si2 and the Rh-doped system
U(Ru0.96Rh0.04)2Si2. In pure URu2Si2, a spin density
a
a
c
3a 3a
Structure II Structure V
FIG. 7. Two candidates of the magnetic structure of UAu2Si2
drawn with VESTA21. They are obtained by summing up the
AFM components refined by the neutron diffraction data and
the FM component estimated by the magnetization data.
wave (SDW) phase with a propagation vector of (0.6,
0, 0) appears13, when the enigmatic hidden order phase
disappears in a magnetic field around 35 T applied along
the c-axis22,23. Interestingly, the field-induced SDW is
changed into a squared-up AFM order with a propaga-
tion vector of k = (2/3, 0, 0) by 4-percent Rh doping12.
A variety of magnetic structures in UT2Si2 systems,
particularly for UNi2Si2 and UPd2Si2, have been studied
theoretically. Most UT2Si2 compounds (with T = Co, Ni,
Rh, Pd, Ir, Pt) order in magnetic structures where ferro-
magnetic layers stack along the c-axis24–30. Those mag-
netic orders have been treated based on the axial next-
nearest neighbor Ising (ANNNI) model26,27,29–31. For ex-
ample, the magnetic-field-temperature phase diagram of
UPd2Si2 was successfully explained by the ANNNI model
with a Landau-type analysis28,32. This kind of analysis
also worked well in capturing the characteristic features
of the pressure-temperature phase diagrams of UPd2Si2
and UNi2Si2
33.
Unlike those studies, for the magnetic structure modu-
lation along the a-axis, like realized in UAu2Si2, in-plane
AFM interactions are essential. Sugiyama et al. deduced
the (+ + −) structure in an external magnetic field, by
treating an Ising model with a mean-field calculation34.
For that model, they assumed magnetic moments lo-
calized on the uranium site, which frustrate via AFM
exchange interactions within third neighbors. Very re-
cently, Farias et al. studied a Heisenberg Hamiltonian
with the same type of magnetic frustration in a more
general and detailed manner, and found that magnetic
order with a propagation vector parallel to the a-axis can
be stabilized even without magnetic field35. This ground
state appears when the intersite AFM interaction along
the [110] direction is dominant, according to a phase di-
agram which they calculated. These studies imply that
such kind of magnetic frustration underlies magnetic cor-
relations in URu2Si2 and UAu2Si2.
The magnetism in UT2Si2 compounds is considered
to be ruled by the RKKY interaction, which modulates
in real space with a wave number that depends on the
Fermi wave number of the electronic system. Hence the
electronic structure and the interatomic distance are the
essential factors to yield the magnetic frustration. In
spite of the potential similarity of the magnetic correla-
tions, the electronic structures should be rather differ-
ent between URu2Si2 and UAu2Si2. From a number of
studies, it is considered that 5f electrons substantially
hybridize with conduction electrons in URu2Si2
4,36–38.
On the other hand, there is no experimental report on
the electronic structure of UAu2Si2, but the weaker hy-
bridization effect is expected from a theoretical point of
view; the 5d levels of Au located deeply below the Fermi
level may reduce the hybridization of 5f electrons with
conduction electrons via f-d hybridization38. In contrast
to the dissimilarity of the electronic structures, it is no-
ticeable that both the Au system and the Ru system have
relatively long a-axes among the UT2Si2 family. Exper-
iments with hydrostatic pressure and uniaxial stress on
UAu2Si2 may bring interesting information on the mag-
netic correlations that cause the (++−) magnetic struc-
ture.
V. CONCLUSIONS
Our neutron diffraction study revealed that the AFM
order with the propagation vector or k = (2/3, 0, 0)
takes place in UAu2Si2, which was the last system in
the UT2Si2 family whose magnetic ordered state had not
been unveiled. We could not detect the small FM compo-
nent which was observed in the bulk magnetization, be-
cause of the experimental accuracy. Considering the FM
component and the AFM component observed respec-
tively in the magnetization and the neutron diffraction,
together with the previous NMR results, we concluded
that the magnetic structure of UAu2Si2 is the (+ + −)
structure along the a-axis with magnetic moments point-
ing parallel to the c-axis. The structure resembles that
realized in Rh-doped and nondoped URu2Si2, suggest-
ing similar magnetic correlations in these systems. Fur-
ther studies including measurements of details of the
ferromagnetic component and magnetic excitations in
UAu2Si2 are in progress.
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